Slice imaging is used to measure directly the alignment of Br( 2 P 3/2 ) and Cl( 2 P 3/2 ) photofragments from the photodissociation of Br 2 and Cl 2 , respectively, at 355 nm, using an intensity-normalization method that does not require the wavelength scanning of the probe laser. In both cases the C 1 ⌸(1 u ) state is optically excited. The Br photofragments are maximally aligned and populate m J ϭϮ1/2 only, whereas the Cl photofragments populate both the m J ϭϮ1/2 and m J ϭϮ3/2 by 80% and 20%, respectively. These results show that Br 2 dissociates adiabatically, whereas nonadiabatic transitions occur to the A 3 ⌸(1 u ) during Cl 2 dissociation.
INTRODUCTION
In recent years, two-dimensional ͑2D͒ ion imaging 1 and velocity mapping 2 have become widely used for the measurement of photofragment velocity and angular distributions from molecular photodissociation. For distributions that possess cylindrical symmetry the complete three-dimensional ͑3D͒ speed and angular distribution can be recovered from the 2D image via the inverse-Abel transform. The constraint of cylindrical symmetry requires that both the photodissociation and probe laser polarization directions are parallel to each other and to the imaging plane.
In contrast, the slice imaging 3, 4 technique directly measures the center slice of the photofragment distribution, which is the result of the inverse-Abel transform. The main advantage of this technique ͑other than the elimination of inversion methods͒ is that noncylindrically symmetric geometries, which are very useful for the measurement of photofragment angular momentum polarization, can be measured and analyzed directly.
Molecular photodissociation yields, in general, anisotropic photofragments. This anisotropy appears both in the spatial distribution of the photofragments, and in the angular momentum distribution of the photofragments. 5, 6 The spatial distribution of unpolarized photofragments is given by the well-known expression 7
where is the angle between the photolysis polarization and the recoil direction, and ␤ is the spatial anisotropy parameter and P 2 (cos ) is the second Legendre polynomial. However, for experiments that are sensitive to photofragment polarization, a more complicated expansion is necessary. If the photolysis and probe polarization are parallel, or if a center slice of the distribution is measured ͑as in slice imaging͒, then the angular distribution can be expressed as an expansion of Legendre polynomials of even order. 8, 9 For Jр3/2 ͑as for Cl and Br photofragments͒, this expansion is terminated at the fourth order
where F and G denote the directions of the photolysis and probe laser polarizations, respectively. However, in many cases, the effects of nuclear hyperfine depolarization reduce the laboratory alignment effects sufficiently so that they are often ignored and Eq. ͑1͒ is used directly ͑i.e., ␤ 2 FG Ϸ␤ and ␤ 4 FG Ϸ0). Small laboratory Cl( 2 P 3/2 ) photofragment alignment from Cl 2 photodissociation has been measured using time-of-flight 10 and ion-imaging methods. 11, 12 However, basis-function analysis and signal normalization of different geometries was necessary.
In this study, we show how photofragment alignment can be determined directly from the ␤ 2 FG and ␤ 4 FG parameters from various slice-imaging polarization geometries. The advantage of this approach is that the photofragment alignment is measured directly without inversion techniques in a velocity-sensitive fashion, and thus can be used straightforwardly in polyatomic photodissociation with multiple velocity channels.
EXPERIMENT
The apparatus has been described in detail elsewhere. 3, 13 Briefly, a 10 Hz pulsed molecular beam containing 3% Br 2 or Cl 2 in He, is skimmed and collimated, and is intersected at right angles by two counter propagating laser beams. The photolysis laser beam is generated by the third harmonic of a Nd:YAG laser ͑BMI series 5000͒ and the probe laser beam is generated by MOPO-SL ͑Spectra Physics 730DT10͒. The Br and Cl atom photofragments are ionized using the twophoton resonant transition 5p( 2 P 1/2 )←3 p 5 ( 2 P 3/2 ) at 250.454 nm and 4p( 4 P 1/2 )←3 p 5 ( 2 P 3/2 ) and 239.915 nm, respectively. 14 -19 The value of s 2 for both J f ϭ1/2←J i ϭ3/2 transitions is calculated to be Ϫ25/74 8, 18 ͑which in-a͒ Also at: Institute of Electronic Structure and Laser, Foundation for Research and Technology-Hellas, 711 10 Heralion-Crete, Greece.
cludes an additional factor of 10/37 for the long-time-limit hyperfine depolarization coefficient͒. 19 Using the sliceimaging technique, 400 ns after the photofragment ionization, the extraction field is pulsed ON, and the Cl ϩ or Br ϩ ions are accelerated towards the ion-imaging detector. Ions of different mass separate in their time-of-flight during their field-free trajectory on route to the detector. The detector gain is pulsed ON for ϳ20 ns at the proper arrival time for slice-imaging velocity selection. 3 Images appearing on the detector anode are recorded using a CCD camera ͑Cohu 4910, using EyeSpy Software by k-Space Associates Inc.͒.
In most past experiments, to ensure that all photofragment velocities are detected with the same probability the probe laser is scanned over the Doppler width of the resonant transition caused by the significant velocity of the photofragments. In the present experiment, the Doppler profile is not scanned. Instead, the ͑FG͒ images used in the analysis are normalized by the ͑ZZ͒ images, for which both the photolysis and probe laser polarizations lie perpendicular to the imaging plane. This geometry ensures cylindrical symmetry perpendicular to the imaging plane, and hence slice images obtained in this fashion must consist of uniform ͑isotropic͒ concentric rings. Any deviations from the perfect circles are caused by failure to scan the Doppler profile or detector imperfections ͑inhomogeneities͒. Hence, by measuring the ZZ images we are in essence calibrating our instrument and determining the systematic-error function. The photofragment angular distributions are determined by integrating images along radial sectors. These distributions are subsequently normalized by the angular distribution obtained by the identical integration of the respective ZZ image ͑i.e., no experimental parameters are changed except for the direction of the laser polarizations͒. This method works extremely well as long as the spectral width of the laser is sufficient to detect photofragments ejected both at 0°and 90°with respect to the photolysis laser polarization. With the exception of H-atom detection, this is typically ensured for laser bandwidths of about 0.2 cm Ϫ1 . The important advantages of this ''Dopplerfree'' technique is that the probe-laser intensity does not have to be scanned in a power-normalized fashion, and that this lack of frequency scanning decreases the time of data acquisition.
RESULTS
The Cl photofragment slice-images in various ͑FG͒ polarization geometries is shown in Fig. 1 . The angular distribution is determined by integrating the signal within the FWHM of the Cl-photofragment slice-image radius as a function of . The angular distributions for all six slice images ͓the ͑XX͒, ͑XZ͒, and ͑ZX͒ polarization geometries for both Cl and Br photofragments͔ are shown in Fig. 2 . The angular distributions are normalized with the corresponding ZZ angular distribution and are fit to Eq. ͑2͒, and the ␤ 2 FG and ␤ 4 FG coefficients are tabulated in Table I .
DISCUSSION
Both Br 2 and Cl 2 are optically excited at 355 nm predominantly via the perpendicular transition C 1 ⌸(1 u ) ←X 1 ⌺(0 g ϩ ). Therefore, at this photodissociation wavelength, the spatial anisotropy of the Br and Cl photofragments is described by ␤ϷϪ1, 20,21 and the photofragment angular momentum alignment is described by the perpendicular-transition alignment parameters, a 0 "2… (Ќ) and a 2
"2…
(Ќ). 22 The relationship between the measured ␤ 2 FG and ␤ 4 FG and the polarization parameters ␤, a 0 "2… (Ќ), and a 2 "2… (Ќ), for the three ͑FG͒ geometries, ͑XZ͒, ͑ZX͒, and ͑XX͒, are given by
where s 2 is the alignment sensitivity of the detection transition 8 and Z is the time-of-flight direction, i.e., perpendicular to the imaging plane. Notice that only ␤ 4 XX is nonzero, whereas for both crossed laser-polarization geometries ͑XZ͒ and ͑ZX͒, ␤ 4 XZ ϭ0 and ␤ 4 ZX ϭ0 ͑the laser polarization perpendicular to the imaging plane does not contribute to the anisotropy in the imaging plane͒. This fact can be used as an experimental consistency check. The two crossed geometries ͑XZ͒ and ͑ZX͒ strongly decouple the measurement of the photofragment spatial anisotropy and of the alignment. In particular, notice in Eq. ͑4͒ that ␤ 2 ZX depends only on the photofragment alignment parameters. In this way, even very small values of photofragment alignment can be measured, without being overwhelmed by a large contribution to the angular distribution from the spatial anisotropy. The derivations of Eqs. ͑3͒-͑5͒, as well as expressions that include all a q "k… (p) parameters for kр4, will be found elsewhere. 23 The ␤ 2 ZX coefficient is proportional to the photofragment alignment only, as shown by Eq. ͑4͒. For incoherent alignment ͓a 2 "2… (Ќ)ϭ0͔, the ␤ 2 ZX coefficient, in the case studied here, can have a maximal positive value of ϩ0.27 ͓for a maximally negative value of a 0 "2… (Ќ)ϭϪ4/5, corresponding to population of the m Z ϭϮ1/2 states only͔. In contrast, maximal coherent alignment is described by a 0 "2… (Ќ)ϭϪ2/5
FIG. 1. Cl( 2 P 3/2 ) photofragments slice images following the photolysis of Cl 2 at 355 nm, for various FG geometries. F and G denote the directions of the photolysis and probe laser polarizations, respectively, and the Z direction is perpendicular to the imaging plane. and a 2
(Ќ)ϭϩ(4/5)ͱ3/8 or Ϫ(4/5)ͱ3/8, corresponding to exclusive population of m X ϭϮ3/2 or m Y ϭϮ3/2, respectively ͑note that for the molecular-frame axes, Z is parallel to the recoil direction, and Y is perpendicular to the plane defined by Z and the photolysis polarization͒. For the second maximal coherent case, the ␤ 2 ZX coefficient can have a value of ϩ0.31. We can see at once that both the Cl and Br photofragments are highly aligned, and that the alignment of the Cl photofragments will require a coherent contribution. Equations ͑3͒-͑5a͒ can be solved to obtain the photofragment alignment ͑the ␤ 2 FG are measured more precisely than the ␤ 4 FG , thus these three equations are preferred͒. Inversion of Eqs. ͑3͒-͑5a͒ yields ␤ϭϪ1.00Ϯ0.03, a 0 "2… (Ќ)ϭϪ0.5Ϯ0.1, and a 2
(Ќ)ϭϪ0.3Ϯ0.1 for the Cl photofragments, and ␤ϭϪ0.90Ϯ0.03, a 0 "2… (Ќ)ϭϪ0.8 Ϯ0.1, and a 2 "2… (Ќ)ϭ0.1Ϯ0.1 for the Br photofragments. The Cl alignment agrees well with previous measurements, 10, 11, 12 as does the Br ␤ parameter. 20 The m-state distributions along the recoil direction can be expressed in terms of a 0 "2… (Ќ), (Ќ) parameter describes the degree of coherence between pairs of m states, m and mϮ2. Such pairs are not populated for Br photofragments, hence a 2 "2… (Ќ)ϭ0. In con-FIG. 2. Br( 2 P 3/2 ) and Cl( 2 P 3/2 ) photofragment angular distributions calculated from various ͑FG͒ slice images similar to those shown in Fig. 1 . trast, such m-state pairs do exist for Cl photofragments; as discussed by Bracker et al., 11, 12 the initial coherence of the degenerate Ϯ1 u states of the C state, excited coherently by the linearly polarized photolysis light, is expressed by the a 2 "2… (Ќ) in the case of Cl 2 dissociation. In the case studied here, the value of a 2 "2… (Ќ) is given by a 2
͑Ќ ͒ϭϩ͑ 4/5͒ͱ3/2ͱp͑1Ϫ p ͒ cos ⌬, ͑8͒
where p is the curve-crossing probability, and ⌬ is the phase difference between the asymptotic wave functions of the A and C states. Using Eq. ͑8͒, cos ⌬ϭϪ0.6Ϯ0.2 is calculated. Therefore, the value of a 2 "2… (Ќ) can be used to measure the phase difference between the asymptotic wave functions of the A and C states.
